The prediction of room-temperature ferromagnetism in Mn-doped ZnO and GaN ͑both p-type͒ by Dietl and coworkers, along with the discovery of ferromagnetism above room temperature in Co-doped TiO 2 anatase ͑suggested as n-type͒ by Koinuma et al., triggered a worldwide search for new dilute magnetic semiconductor materials.
1- 11 The doped magnetic ions, mostly 3d transition metals, exhibit very low solubility in host semiconductors. Hence, the origins of ferromagnetism in some of the compounds have been attributed to magnetic impurities. 12 We searched for a host semiconductor with high solubility of magnetic ions using thin film combinatorial methodology, 13 and discovered a ferromagnetic semiconductor system of ͑In 1−x Fe x ͒ 2 O 3− with Cu co-doping. 14 Such high thermodynamic solubility makes it amenable to fabricate bulk ceramic samples. In order to confirm the source of magnetism within the cation lattice rather than from an impurity phase, the bulk ceramic synthesis and characterization are carried out to carefully address the issues of structure, composition, and secondary-phase formation.
In 2 O 3 , host compound used in this study, is a transparent semiconductor with a direct band gap of 2.7 eV and cubic bixbyite crystal structure with a lattice constant of 10.12 Å and a bcc unit cell. In 2 O 3 can be an n-type semiconductor with high conductivity by introducing oxygen deficiencies ͑͒ or by Sn doping. The ceramic synthesis was made by standard solid-state reaction method. High-purity In 2 O 3 , Fe 2 O 3 , and CuO precursors were mixed and then compressed at a pressure of 120 MPa to form cylindrical ceramic samples. They were then sintered at 1100°C for 9 h. Valence variations of doped magnetic elements were induced by Cu co-doping in the range of 2% and/or annealing in reduced atmosphere ͑Ar͒, which create mixed valence cat- 15 To check for possible impurity phases, synchrotron source was used for XRD study to ensure high signal to noise ratio ͑sensitive to less than 1% impurity͒. The x-ray diffraction ͑XRD͒ patterns for synthesized bulk ceramic samples were measured using a wavelength of 0.7293 Å at XOR bending magnet beamline 2-BM-B of the Advanced Photon Source ͑APS͒, and selected curves are shown in Transmission electron microscopy ͑TEM͒ was carried out over a large-scale area across a grain boundary from a sample with Fe 10% ͓Fig. 2͑b͔͒. The high-resolution TEM image and electron diffraction pattern of a selected area are shown in Fig. 2͑c͒ . The diffraction pattern is consistent with the cubic bixbyite structure of In 2 O 3 . The observed grain sizes range from 1 to 10 m. No impurity phase was observed within the grains or at grain boundaries.
The magnetic field dependence of magnetic moment was measured by superconducting quantum interference device magnetometer at 5 and 300 K ͑Fig. 3͒. There is a clear evolution of magnetic properties with increasing dopant concentration. The sample with Fe 1% ͓inset of Fig. 3͑a͔͒ Fig. 3͑b͔͒ . From the M -H curves of the sample with Fe 20% measured at room temperature and 5 K, one can clearly see the significant paramagnetic contribution from magnetic ions, at least 30%, evidenced by the portion of nonsaturation magnetization at 5 K in addition to saturation magnetization at room temperature. Note that the M -H curve at room temperature appears to saturate easier because the relative paramagnetic contribution to the total magnetism is very small compared to that at low temperature and would not become evident until much higher fields. The hysteresis curve is characteristic of single domain particles of approximate spherical shape with a magnetocrystalline anisotropy field ϳ50 Oe, which is typical of Fe 3+ in an octahedral oxygen site. 15 This anisotropy field can account for the coercive field, and the shape demagnetizing field of the clusters can explain the initial permeability, low remanence, and the ϳ3 kOe field required for saturation.
The selected magnetic moment versus temperature ͑M -T͒ curves were measured by a vibrating sample magnetometer for different compositions of Cu-doped ͑In 1−x Fe x ͒ 2 O 3− and CuFe 2 O 4 ͓Fig. 4͑a͔͒. Well-defined T C 's can be observed better from the dM / dT curves as shown in Brillouin-Weiss fitting for x = 0.2 sample measured at 3 kOe is also shown for comparison; the inset shows M -T curve for the sample with x =0.2 measured at low temperatures ͑5-300 K͒ under 1 kOe field. ͑b͒ dM / dT vs T with the magnetic phase transition points defined by the minimum points in dM / dT curves, marked by arrows, and ͑c͒ 1/ M vs T curves. Fig. 2͑a͒ . Furthermore, Fe 3 O 4 has a wellknown Verwey transition at around 120 K, where the magnetization exhibits a large ͑25%͒ step function change. 17 This evidence of Verwey transition was not found in our bulk ceramic samples in M -T measurements ͓Fe 20% doped sample shown in Fig. 4͑a͒ , inset͔, which would not have been missed if Fe 3 O 4 were responsible for the observed magnetization. These facts together systematically rule out the possibility that the observed magnetism in Cu-co-doped ͑In 1−x Fe x ͒ 2 O 3− all comes from ferrimagnetic CuFe 2 O 4 or Fe 3 O 4 . Note also that the issue here is not whether there is a minute undetected amount of magnetic impurity present in the samples, but rather how such a phase could be the source of the observed bulk magnetism ͑up to 20% volume effect͒ with a distinctive T C Ϸ 750 K that differs from other ironoxide compounds that could be present as an impurity phase. The electrical and magneto-transport properties of Cu-codoped ͑In 1−x Fe x ͒ 2 O 3− has been studied in thin film, and its carriers are found to be n-type. 13 The system described in this letter is a thermodynamically stable solid solution of a host lattice and a high concentration ͑up to 20%͒ of magnetic ions. This is in sharp contrast to most previously reported dilute magnetic semiconductors. The aspects of the thermodynamically stable solid solution and the large volume magnetization of this system are also important with regards to potential spintronics applications. 
